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Optical microcavities are a powerful tool to enhance spontaneous emission of individual quantum
emitters. However, the broad emission spectra encountered in the solid state at room temperature
limit the influence of a cavity, and call for ultra-small mode volume. We demonstrate Purcell-
enhanced single photon emission from nitrogen-vacancy (NV) centers in nanodiamonds coupled to
a tunable fiber-based microcavity with a mode volume down to 1.0λ3. We record cavity-enhanced
fluorescence images and study several single emitters with one cavity. The Purcell effect is evidenced
by enhanced fluorescence collection, as well as tunable fluorescence lifetime modification, and we
infer an effective Purcell factor of up to 2.0. With numerical simulations, we furthermore show that
a novel regime for light confinement can be achieved, where a Fabry-Perot mode is combined with
additional mode confinement by the nanocrystal itself. In this regime, effective Purcell factors of
up to 11 for NV centers and 63 for silicon vacancy centers are feasible, holding promise for bright
single photon sources and efficient spin readout under ambient conditions.
I. INTRODUCTION
Solid-state-based quantum emitters such as the NV
center in diamond are promising for efficient single pho-
ton sources [1, 2], quantum memories [3–5], and quantum
sensors [6–8], with functionality preserved also under am-
bient conditions. One of the central challenges is to effi-
ciently access the quantum properties of the emitter by
optical means. Free space coupling only achieves low col-
lection efficiency, and poses fundamental limits on achiev-
able fidelities and signal to noise ratios. Optical micro-
cavities [9] allow to enhance the light-matter interaction,
and offer an increase in spontaneous emission by the Pur-
cell factor Ceff =
3(λ/n)3
4pi2
Qeff
V , together with the potential
for near-unity collection efficiency β = Ceff/(Ceff + 1).
Here, V is the mode volume of the cavity, n the refrac-
tive index, and Qeff = (Q−1c + Q−1em)−1 is the effective
quality factor combining the quality factor of the cavity
(Qc) and of the emitter (Qem) [10, 11]. For broadband
emitters such as the NV center, Qem as estimated from
the linewidth of the emission spectrum is small at room
temperature and limits the influence of high Qc, and cav-
ities with ultra-small mode volume are required. A lot of
effort has been put into realizing coupled systems both
with bulk micro- and nanocavities [12–21], as well as tun-
able open-access microcavities [22–25]. Although cavity-
induced lifetime changes have been demonstrated, this
has been mostly limited to cryogenic temperatures how-
ever, where the zero phonon line is narrow, and the ex-
tracted integrated count rates remained well below spec-
trally integrated free space values. Furthermore, the re-
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quired smallest mode volumes have only been achieved
in bulk cavities, where limited spectral tunability as well
as the difficulty to find or place a single emitter in the
cavity field maximum result in low device yield.
Here, we use an open-access tunable microcavity [26–
31] with ultra-small mode volume realized by advanced
laser machining to demonstrate Purcell-enhanced emis-
sion of NV centers in nanodiamonds. We record cavity-
enhanced fluorescence images of large areas of the sam-
ple by scanning cavity microscopy [27, 31–33] and study
several single emitters with one and the same cavity.
Photon collection rates from single NV centers of up to
1.6×106 s−1 are observed. Furthermore, we demonstrate
continuous spontaneous emission control by varying the
mirror separation down to sub-µm mirror separations,
where we observe a maximal Purcell factor of 2.0. These
results indicate that field confinement by the nanocrystal
itself is present in addition to the mode defined by the
mirrors. For an optimized geometry, numerical simula-
tions predict an effective Purcell factor of up to 11 for
the broad room-temperature emission spectrum of the
NV center. At the same time, the outcoupling efficiency
from the cavity into a low-NA mode is as high as 51%,
limited by the intrinsic loss of the used mirror coating.
II. ULTRA-SMALL MODE VOLUME TUNABLE
CAVITY
The microcavity is assembled of a planar mirror onto
which the sample is applied, and a concave mirror on
the tip of an optical fiber [26], see Fig. 1(a). The tip
of the cavity fiber is shaped by advanced CO2 laser ma-
chining [34, 35]. In a first step, the extent of the end-
facet is tapered to enable sub-micron mirror separations,
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Figure 1. (a) Sketch of the cavity consisting of a laser-
machined and mirror-coated fiber and a macroscopic mirror
carrying nano diamonds with NV centers. The large mirror
is mounted on a three-axis nanopositioning stage for spatial
scanning, the cavity length is controlled by an additional piezo
actuator. (b) Microscope images (20x) of two laser-shaped
fiber tips. (c) 3D profile of a laser-machined and silver-coated
fiber tip. (d) Cut through the center of the structure shown
in (c) (blue) together with a parabolic fit (red). (e) Cavity
transmission probed with a narrow-band laser as a function
of the cavity length. (f) Series of cavity transmission spec-
tra under broadband illumination as a function of the cavity
length, showing tunability for cavity lengths down to λ0/2.
(g) Individual spectra from (f) for different mode orders q.
which is crucial when aiming at smallest mode volumes.
Therefore, multiple laser pulses are applied in circular
patterns to the edge of the endfacet to crop the outer
part of the fiber, resulting in a protruding plateau with
a diameter of typically below 20 µm. Figure 1(b) shows
two examples of different shape. Next, a concave depres-
sion aligned with the fiber core is produced within the
center of the plateau using a few weak laser pulses [36].
To achieve smallest mode volumes, a compromise has to
be chosen between the size of the radius of curvature rc
and the smallest achievable mirror separation, since a
small rc requires a deep profile. Since we want to study
the regime where the diamond crystal provides additional
field confinement (see below), we prioritize small mirror
separation and compromise on the radius of curvature.
Figure 1(c) shows the topography of a machined fiber tip
measured with white light interferometry. The central
part of the profile is well fitted by a parabola, yielding
a radius of curvature rc = 90 µm, while the full profile
fits to a Gaussian with 1/e diameter D = 7 µm and a
structure depth z < 100 nm (Fig. 1(d)).
When choosing an optimal mirror coating, both the
mirror reflectivity and field penetration need to be con-
sidered. While dielectric coatings provide highest reflec-
tivity and low loss, they exhibit significant field penetra-
tion into the coating, which increases the mode volume.
Optimizing the Purcell factor for broadband emitters
shows that metal coatings with few tens of nm penetra-
tion are advantageous, despite the higher loss [31, 37, 38].
We coat the fiber tip with 60 nm and the planar mirror
with 33 nm silver, both finished with a 20 nm glass cap-
ping to prevent oxidation. This yields reflectivities of
96% and 88% and absorption loss of 4%, while scattering
loss is found to be negligible. The two mirrors define an
open and tunable plano-concave Fabry-Perot cavity that
outcouples up to 51% of the light through the planar
mirror into the detection channel (see Appendix). We
measure a cavity finesse of F = 42±1 at λ0 = 690nm by
recording the cavity transmission of a narrow-band laser
when tuning the cavity length over one free spectral range
(Fig. 1(e)).
We determine the mode volume of the cavity by mea-
suring the optical cavity length d and the mode waist w0,
and use the expression V = piw20d/4. To determine d, we
record the cavity transmission under broadband illumi-
nation with a spectrometer, see Fig. 1(f,g), and evaluate
the separation and location of the resonances. In this
way we prove that the shortest resonant cavity length
d = λ0/2 is actually reached without touching the planar
mirror with the fiber tip, i.e. full tunability is ensured
even for the fundamental resonance q = 1. By scanning
the cavity over a point-like object such as a single NV
center and collecting the fluorescence emitted into the
cavity (Fig. 2(b,c)), the mode waist can be inferred from
the observed size of the point spread function wdet in a
cavity-enhanced fluorescence image (see Appendix). We
determine a minimal w0 = 1.1 µm at d = λ0/2, such that
a minimal cavity mode volume V = 1.0λ30 (0.34µm3) is
achieved.
III. CAVITY ENHANCED EMISSION FROM
SINGLE NV CENTERS
We study a commercial nanodiamond sample (Van-
Moppes) with a size distribution between 100 and
200 nm, where a reasonable fraction of the crystals con-
tains individual NV centers. The sample is directly spin
coated or drop cast onto the planar mirror. As a first
step, we record a cavity-enhanced fluorescence image of
a large area of the sample by scanning the sample mir-
ror while the cavity length is stabilized to a mirror sep-
aration of around 10 µm, both the excitation light and
the NV emission spectrum being resonant with the cav-
ity (see Appendix). Figure 2(a) shows a scan area of
(50µm)2, where about 50 emitters are visible. The ex-
citation power is 3.6mW at 532 nm. The second-order
correlation function g(2)(τ), as well as the saturation be-
havior for the five marked emitters is recorded. A closer
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Figure 2. (a) Cavity-enhanced flourescence image showing
several single emitters (circles). The cavity length is stabi-
lized on resonance with the excitation light at a length of
about 10µm while scanned laterally. (b) Cavity scan of a
single NV center at 1.1 µm cavity length. (c) Vertical cut
through the scan in (b) together with a Gaussian fit, yielding
wdet = 1.1µm. (d) Measured size of the point spread function
(blue points) as a function of the cavity length, together with
the value calculated from the radius of curvature of the fiber
mirror (blue line). Mode volume calculated from the mea-
sured wdet (green points), together with the expected value
(green line).
view on another, more isolated, single NV center (NV6) is
shown in Fig. 2(b,c), where the cavity length is stabilized
at d = 1.1 µm. This is the shortest mirror separation,
for which the cavity is simultaneously resonant for ex-
citation and fluorescence emission, such that significant
Purcell enhancement is present (see below). Since this
yields the highest signal to background ratio, we use it
for all single-emitter measurements shown here. In the
measurement we observe a spatial resolution of 1.1µm, a
high peak count rate (K > 6 · 105 s−1) and a signal-to-
background ratio >20 for the NV center showing clear
antibunching with g(2)(0) = 0.21. The non-zero values
is primarily due to autofluorescence of the mirror coat-
ing. With the simultaneous excitation and fluorescence
enhancement and the emission into the well-collectable
cavity mode, the cavity enables enhanced count rates,
and provides spatial and spectral filtering at the same
time. Cavity-enhanced scanning fluorescence microscopy
thus promises net signal improvement compared to con-
focal microscopy.
As an example for the single-emitter fluorescence ob-
tainable from the cavity, we discuss the results for one
NV center (NV1) in more detail. We measure the g(2)
function at low excitation power and fit it with the
function g(2)(τ) = 1 + p(be−|τ |/τ2 − (1 + b)e−|τ |/τ1),
which includes antibunching, bunching, and background,
see Fig. 3(a). The fit value of g(2)(0) = 0.27 proves
that it is a single emitter. Figure 3(b) shows a mea-
surement of the intensity dependent fluorescence rate,
which is fitted well by a saturation part and a lin-
ear contribution accounting for the background: K =
K∞I/(Isat + I) + aI (see Appendix). We find a satura-
tion count rate K∞ = 6.9 ·105 s−1, a saturation intensity
Isat = 0.49 · 109 Wm−2 and a linear background parame-
ter a = 100·103 s−1/109 Wm−2. The intensity dependent
background count rate is also recorded at a location on
the mirror without emitters. The observed slope is equal
to the value a found for the emitter saturation, i.e. the
diamond crystal itself does not contribute notable back-
ground in this case. The reported count rates are raw
values as detected with avalanche photo diodes (APDs).
To obtain the number of photons collected by the first
lens, we account for the detection efficiency of the opti-
cal setup of 43% (see Appendix). From this we find that
1.6 × 106 photons per second are collected by the first
lens.
To quantify the emission enhancement by the cavity,
we study several emitters in the cavity and compare the
results with confocal measurements (NA=0.75) of NV
centers on a glass substrate. We record the g(2) func-
tion and the saturation count rate of each emitter and
compare the results by plotting the saturation count
rate versus g(2)(0) for cavity and free space emission,
see Fig. 3(c). Taking background fluorescence into ac-
count, we expect all NVs in the cavity with g(2)(0) . 0.7
being single emitters. The evaluation yields an aver-
age detected saturation count rate per NV center of
K∞ = 5.7 · 105 s−1 inside the cavity, in comparison with
1.5 · 105 s−1 on the glass substrate. This corresponds to
an average observed enhancement factor of 3.8.
We estimate the theoretically expected enhancement
as follows: The photon rate coupled out of the cavity is
given by Kc = QE ·Ceffγηc, where QE denotes the quan-
tum efficiency and γ the excited state decay rate. For
the experimental parameters used in the measurements
described above, applying the simple Purcell formula, we
find Ceff ≈ 0.12, for V = 5λ3, Qc = 126, Qem = λ0∆λ ≈ 8,
stemming from the center wavelength λ0 = 690 nm and
the FWHM ∆λ = 90 nm of the emission spectrum. The
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Figure 3. (a) Autocorrelation measurement for NV1 prov-
ing single emitter behavior with g(2)(0) = 0.27 without back-
ground subtraction. (b) Saturation measurement of the same
NV center (green dots) together with a fit (green line). Back-
ground fluorescence from the silver mirror (purple dots) to-
gether with a linear fit (purple line). NV center fluorescence
subtracted by background (black dashed line). (c) Compar-
ison of the saturation count rates and single-photon purities
for NV centers on glass (blue dots) and inside the cavity at
1.1µm cavity length (red dots). An average enhancement by
a factor 3.8 is found.
fraction of photons leaving the cavity through the out-
coupling mirror is ηc = 0.51, and the cavity mode is
fully collected by the objective. For the case of NV cen-
ters on a glass substrate, the dipole radiation pattern
is affected by the air-glass interface [39, 40]. For the
given NA we calculate a collection efficiency of ηΩ = 0.16
and a photon collection rate K = QE · γηΩ. The detec-
tion efficiency after the objective is assumed to be equal
to the cavity case. The total expected enhancement is
then Kc/K = Ceffηc/ηΩ = 0.4, in contrast to the value
found in the experiment. This shows that the simplified
treatment does not properly describe the situation. In
fact, the applied formula is derived in the limit where
the cavity mirrors subtend a negligible solid angle and
where the dipole remains far from any surface. For a
more accurate treatment, we perform analytical [39, 40]
and finite difference time domain (FDTD) simulations
(Lumerical). We identify three aspects that influence
the spontaneous emission beyond the simple treatment:
(i) The proximity of the planar mirror surface with the
sample leads to self-interference of the dipole radiation
over a large angular range as well as to some amount of
near-field coupling [39, 40]. A FDTD simulation for an
orientation-averaged dipole located in a nanodiamond on
a metal mirror predicts a lifetime reduction factor of 1.8
compared to the situation without the mirror, as well as
negligible nonradiative decay (< 10%) (see Appendix).
(ii) The large solid angle subtended by the cavity mir-
rors, having an NA close to unity, significantly affects
the mode structure beyond the fundamental cavity mode
and consequently influences (e.g. inhibits) the decay into
modes other than the fundamental cavity mode [41, 42].
(iii) For suitable crystal size and smallest mirror separa-
tion, the nanodiamond provides additional lateral mode
confinement (see below). All these aspects are captured
by FDTD simulations of the emitter inside the cavity,
and we obtain an effective Purcell factor of Ceff = 1.4
when comparing the cavity-coupled emission rate with
free-space emission. The predicted enhancement is then
Kc/K = Ceffηc/ηΩ = 4.5, about twenty percent larger
than determined experimentally. Expected contributions
to this deviation are a reduced coupling strength due to
non-ideal dipole orientation and a emitter location away
from the cavity field maximum.
IV. LIFETIME MODIFICATION
A central aspect of the Purcell enhancement is the in-
fluence of the cavity on the excited state lifetime. To
demonstrate this effect we perform time-correlated sin-
gle photon counting under pulsed excitation at different
mirror separations. In measurements with single emitters
we observe significant lifetime variation. However, we
find that the lifetime is also affected by varying amounts
of background, related to the distance dependent cavity
coupling efficiency of the excitation light. To unambigu-
ously demonstrate the effect of the cavity on the lifetime,
we therefore study ensembles of NV centers, where back-
ground plays a negligible role. We use nanodiamonds
with a diameter distribution peaking between 100 and
150 nm that were irradiated with He ions to achieve a
high concentration of NV centers (∼ 102 per crystal)
[43, 44]. In these measurements, the used cavity fiber
has a planar endfacet whose edges are mechanically pol-
ished off to allow for smallest mirror separations. This
simpler geometry stemming from an earlier approach is
technically easy to realize and facilitates direct compar-
ison with FDTD simulations. The fiber has an identical
coating as in the previous case, while the large mirror
has higher transmission due to a thicker glass capping
(60 nm), resulting in F = 28 at 700 nm.
We measure the fluorescence lifetime of the NV cen-
ter ensemble for different mirror separations by time-
correlated single photon counting [45], where we tune
the mirror separation with a piezo actuator and cali-
brate the optical cavity length d as well as the geomet-
rical mirror separation d0 from fluorescence spectra [46].
Each decay trace is fitted with a monoexponential de-
cay, from which we obtain the lifetime τ(d0) [47]. Fig-
ure 4(a) shows an example measurement. Figure 4(b)
presents individual traces for the mirror separations in-
dicated in (a). At the same time, the fluorescence is spec-
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Figure 4. (a) Measured lifetime τ(d0) as a function of the mirror separation (gray dots) together with FDTD simulations for a
diamond cube of edge length 30 nm (black line) and 155 nm (red line). The filled colored dots indicate the positions at which
the datasets shown in (b) were taken. The yellow area shows the distance range where the fiber touches the large diamond. (b)
Lifetime traces for different cavity lengths together with monoexponential fits (black), (red: τ = 11.2ns, blue: 19.3ns, green:
23.9 ns). (c) Cavity emission spectra at resonances corresponding to longitudinal mode orders q = 1, 2, 7. (d) Simulation of
the intensity distribution of a dipole located at the center (logarithmic scale, red: high, blue: low). The intensity is confined
between the two silver mirrors (horizontal black lines, including the spacer layers) and localized to the nanocrystal (black
square). Outcoupling occurs predominantly through the thinner bottom mirror. (e) Simulated Purcell factor as a function of
the wavelength for a 155 nm (red, corresponding to open circle in (a)) and a 30 nm (black) diamond.
trally filtered by the cavity, yielding a resonance with a
linewidth depending inversely on the mirror separation,
see Fig. 4(c). For cavity lengths below 2µm, the life-
time is modulated noticeably. Whenever the cavity is
resonant (off-resonant) with the emission spectrum, the
lifetime is reduced (increased) due to the variation of the
local density of states. The shortest (longest) detected
lifetime of τc = 11.2 ns (23.7 ns) corresponds to a lifetime
reduction (enlargement) of 40% (25%) compared to the
lifetime of τm = 18.9ns obtained when the cavity fiber is
not present. We estimate the effect of the sample mirror
alone from a statistical comparison of lifetimes both on
the mirror and on a glass substrate (reduction by a factor
of 1.3±0.3), as well as from FDTD simulations averaged
over dipole orientations (reduction factor 1.8), suggesting
a free-space lifetime of up to τ0 = 34 ns. With this, we
obtain an upper bound for the effective Purcell factor of
Ceff =
τ0
τc
− 1 = 2.0. We have studied several nanocrys-
tals in a similar manner and observe a shortest lifetime
of τc = 6.7 ns with comparable relative lifetime changes.
At the same time, the integrated fluorescence increases
by up to a factor of 40 from d = 2 µm to d = λ/2. This
is due to the fact that the cavity has a negligible effect
for large mirror separations and only the emission trans-
mitted through the planar mirror (T1 = 0.11) is collected
with a small collection efficiency ηΩ = 0.16. In contrast,
for short cavities, the Purcell effect leads to a dominant
emission into the cavity mode, a fraction ηc = 0.56 of
which is coupled out to the detector side and entirely
collected by the objective (see Appendix).
We compare our results to three dimensional FDTD
simulations. The diamond is modeled as a cube with a re-
fractive index of 2.4 and an edge length of 155 nm. In ad-
dition, we study a 30 nm crystal for comparison. The in-
dividual mirror layers are implemented with parameters
as given above. A dipole source peaking at a wavelength
of 690 nm with a spectral width of 100 nm is placed at the
center of the cube. We perform simulations with a dipole
orientation parallel and normal to the plane of the mir-
rors for different mirror separations. Figure 4(d) shows a
cross section of the geometry with a dipole oriented along
the x−axis located in the center. A strong confinement of
the intensity to the crystal is visible (note the logarith-
mic color scale), as well as the directional outcoupling
through the bottom mirror. The outcoupled mode has
an NA of 0.26 (0.38 after refraction at an air-glass inter-
face), which can be easily collected by an objective. For
each cavity length, the simulation evaluates the Purcell
factor as a function of the wavelength C(λ). Figure 4(e)
shows an example for the 155 nm crystal at d = λ/2,
yielding a peak Purcell factor of C = 63 compared to the
nanocrystal in vacuum. To enable a comparison with
the experimental data, we normalize C(λ) to the Purcell
factor Cm(λ) obtained for simulations where the fiber
mirror is removed, and average over the NV emission
spectrum S(λ). The spectrum is modeled as a Gaussian
distribution of 110 nm 1/e-full-width, centered at 690 nm.
The effective enhancement factor is then determined as
6τc/τm =
´∞
−∞
C(λ)Cm(λ)
−1S(λ)dλ/
´∞
−∞
S(λ)dλ. The
FDTD simulations for the parallel dipole are in good
agreement with the measurements. Contributions of the
normal dipole component play a negligible role, since this
orientation is only weakly excited and coupled to the cav-
ity. For the 155 nm diamond, a maximal effective Purcell
factor of Ceff = 11 is predicted when the fiber touches the
diamond. In contrast, the 30 nm diamond yields a much
smaller Purcell factor, and the enhancement spectrum
C(λ) does not show a clear resonance (see Fig. 4(e)).
V. WAVEGUIDE EFFECT
We explain the large Purcell factor by additional mode
confinement of suitably sized nanocrystals. Some intu-
ition about the confinement effect can be drawn from
modeling the crystal as a cylindrical waveguide [48] with
refractive index nd = 2.4 and solving the Helmholtz equa-
tion for the electric field (∇2 + k2)E = 0 in one di-
mension. Here, k = 2pinr/λ, with nr = nd for |r| ≤ b
and 1 for |r| > b, r is the transverse coordinate, and
b the waveguide radius. We find that the propagat-
ing waveguide mode shows strongest confinement around
b = 70 nm, yielding a minimal effective mode radius
(1/e2) of w0 = 160nm. A segment of such a nanowire can
now be considered to be introduced into a planar Fabry-
Perot cavity with mirror separation d = λ/2neff , where
neff is the effective refractive index experienced by the
propagating mode (we find neff = 1.88 for b = 70 nm).
The mode volume of such a cavity would amount to
V = piw20λ/8neff = 0.07 (λ/neff)
3, substantially smaller
than what is achievable by conventional curved-mirror
Fabry-Perot cavities. Together with an effective quality
factor Qeff = 8, this yields Ceff = 8, in reasonable agree-
ment with the FDTD simulation. From the more reli-
able FDTD simulations we find an optimal crystal size
around 155 nm for a cubic shape. A ±10% size variation
does not significantly affect the maximal C, while the
enhancement rapidly diminishes for crystals < 140 nm
and no additional enhancement is obtained for the 30 nm
crystal.
The measurement also suggests the presence of a con-
tribution of the waveguide effect. Experimental imperfec-
tions, averaging over dipole orientation, and finite quan-
tum efficiency are expected to lead to a reduced lifetime
modification. This is evident most clearly e.g. at the
lifetime minima corresponding to the resonances q = 2
and q = 3, where the lifetime reduction in the data re-
mains smaller than in the simulation for both crystal sizes
[49]. However, for q = 1, where the waveguide effect is
expected to be present, the experimental variation is as
large as the simulated ideal variation for the 30 nm crys-
tal. Consequently, the Purcell factor in the experiment
needs to be larger than in the simulation to compensate
for the imperfections. The increase of the measured life-
time towards smallest d indicates a crystal size below
140 nm, which could in part explain the smaller effect.
VI. CONCLUSION
We have demonstrated that improved laser machin-
ing enables the realization of stable Fabry-Perot cavities
with mode volumes down to 1λ3, while maintaining full
tunability. Multiple emitters can be investigated with
a single cavity, and efficient single photon extraction is
possible even for broadband emitters. The Purcell en-
hancement together with high outcoupling efficiency al-
lows net count rates exceeding free-space collection. Fur-
thermore, we have shown with simulations that suitably
chosen nanodiamonds can provide exceptional mode con-
finement. Predicted ideal Purcell factors up to 63 could
be fully exploited with narrow-band emitters such as the
SiV center in diamond, and effective Purcell factors for
NV centers up to 11 are expected. While our experiments
already indicate a contribution due to this effect, we ex-
pect that more controllably fabricated diamond nanos-
tructures [8, 50, 51] can unfold the full potential of this
approach and pave the way for ultra-bright single pho-
ton sources and superior readout of single spins under
ambient conditions.
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APPENDIX A: CAVITY CHARACTERIZATION
AND SETUP
Mirror coating The fiber tips are coated with a 60 nm
silver film and finished with a 20 nm glass capping to
prevent oxidation. Consistent with simulations [52] we
measure a reflectivity of R2 = (92± 2)% at 532 nm. The
macroscopic planar mirror is prepared on a low autofluo-
rescence glass substrate with a 33 nm thick silver layer
and an analogous glass capping. At a wavelength of
532 nm we measure a mirror transmission of T1 = 15%. A
simulation yields the transmission and absorption loss of
the two mirrors at 700 nm: T1 = 8%, T2 = 0.8% and
A1 = 4%, A2 = 3%. With atomic force microscopy
measurements we determine the surface roughness of the
silver mirros to be < 5 nm rms, such that scattering
loss plays a negligible role (< 0.5%). The measured
finesse agrees well with the transmission and loss val-
ues, and we calculate the expected fraction of photons
leaving the cavity through the macroscopic mirror to be
ηc = T1/(T1 + T2 + A1 + A2) = 0.51. Despite the lossy
7character of the metal coatings, a high outcoupling effi-
ciency is achieved. For the plane-plane cavity, the glass
capping layer of the macroscopic mirror is increased to
60 nm, resulting in an increased transmission, T1 = 24%
at 532 nm and 11% at 700 nm, respectively. The outcou-
pling efficicincy amounts to ηc = 0.56 at 700 nm.
Mode volume The mode volume of a plano-concave
cavity is given by V = piw20d/4 , with the mode waist
w20 = λ/pi ·
√
rcd− d2 and the optical cavity length
d = λ2
[
q + ζpi
]
≈ q λ2 for rc  d. Here, q is the lon-
gitudinal mode order, and ζ = arccos
√
1− d/rc is the
Gouy phase. The finite conductivity of the silver mir-
ror and the capping layer leads to some field penetra-
tion into the mirror, such that the geometrical mirror
separation d0 = λ2
[
q + ζ−φpi
]
is smaller than d. This is
accounted for by the average deviation of the reflection
phase from pi, φ = pi − (φ1 + φ2)/2. At λ = 700 nm,
φ1 ≈ φ2 = 0.72pi for our mirrors [53], and we calculate
an air gap of d0 = 260 nm for q = 1. This value reduces
further when a nanodiamond of significant size is placed
in the cavity mode due to the effective refractive index
change.
Point spread function In cavity-enhanced fluores-
cence scans, the observed point spread function is the
product of the cavity mode for emission (w0) and exci-
tation (we =
√
λe/λw0). The size of the point spread
function is then wdet = wew0/
√
w2e + w
2
0, which can be
used to determine w0. The experimental values agree well
with a calculation for different cavity lengths when using
the measured radius of curvature of the fiber mirror, see
(Fig. 2(d)).
Setup The cavity is embedded into a confocal micro-
scope setup, similar to the one described in [23]. Ex-
citation is performed with either a cw laser at 532 nm
or a band-pass filtered supercontinuum source (∼ 50 ps
pulse length, 20MHz repetition rate) through a cover slip
corrected microscope objective (NA=0.75) through the
planar mirror. Alternatively, the excitation can be per-
formed through the cavity fiber. For pulsed excitation we
use average excitation powers ranging from a couple of
ten to a few hundred µW. The planar mirror is mounted
on a three-axis slip-stick nanopositioner allowing to scan
the mirror for suitable emitters. The fiber is mounted
on a stacked piezo actuator which allows for precise tun-
ing and stabilization of the cavity length. The latter is
performed by using the green excitation light transmitted
through the cavity to generate a cavity length-dependent
feedback signal, which is fed to the stacked piezo control-
ling the fiber position.
Excitation intensity For the saturation measurements
and autocorrelation measurements of single emitters in
the cavity (Fig. 3) we excite through the cavity fiber with
532 nm light. We calculate the excitation intensity I in-
side the cavity from the measured transmitted power Pt,
the outcoupling mirror transmission T1, and the evalu-
ated excitation mode waist we according to I = 8Ptpiw2eT1 .
Detection efficiency We infer the detection efficiency
of the setup by coupling a laser at 690 nm into the cavity
fiber with the cavity on resonance and measure the trans-
mission of the mode coupled out of the cavity through
the optics up to the APDs. A fraction of 67% of the light
reaches the detectors at a cavity length of 1 µm. To-
gether with the quantum efficiency of the APDs of 65%,
a detection efficiency of 43% at 690 nm is achieved.
Nonradiative decay To study the onset of nonradia-
tive decay, we simulated the quantum efficiency of a
dipole in a diamond cube (edge length 30 nm) on a sil-
ver mirror (layer thickness 33 nm) with an intermediate
glass spacer layer of variable thickness. For glass layers
larger than 30 nm, the quantum efficiency exceeds 90%
for dipoles parallel to the mirror surface. Since the ap-
plied spacer layers have a thickness of 60 nm, we expect
the amount of nonradiative decay to be less than 10%.
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